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LARGE-SCALE imfl>TUNNEL TESTS OF A LOW -ASPECT -RATIO 


DELTA-WINGED MODEL EQUIPPED WITH 
SHARP -EDGED STRAFES 

By Victor R. Corsiglia and David G. Koenig 
Ames Research Center 


SUMMARY 


A wind-tunnel investigation was made to determine the longitudinal 
stability, lift, and landing and take-off performance of a delta-wing config- 
uration equipped with strakes. The model was a wing, fuselage, vertical -tail 
combination. Four wing strake configurations were investigated. Some data 
were obtained with the model in the proximity of the ground. 

The strakes were found to increase lift coefficient significantly at 
angles of attack, above about 12°. However, the increase in lift coefficient 
was accompanied by a reduction of static longitudinal stability. 


INTRODUCTION 


One of the problems in the design of fixed wing aircraft for supersonic 
flight speeds is the low lift -curve slope for low-aspect -ratio wings. Studies 
at small scale (refs. 1-3) have shown that a free-vortex flow generally occurs 
near the leading edge of delta wings of low aspect ratio. This flow results in 
higher experimental lift -curve slopes than those predicted by potential flow 
theory. The investigation reported in reference k indicated that lift -curve 
slope could be increased further by the addition of a highly swept strake to 
the inboard portion of a delta wing to form a double delta planform. 

An investigation has been undertaken at large scale to determine the 
longitudinal aerodynamic characteristics of an airplane configuration having a 
double delta wing. In particular, it was desired to determine the effect of 
various strake configurations on longitudinal stability, lift, and landing and 
take-off performance. The model was equipped with leading- and trailing-edge 
flaps. A limited amount of testing was done with slots and leading-edge flaps 
installed on the strakes and with the model in the proximity of the ground. 
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span, tips off , ft 
chord, ft 

mean aerodynamic chord 
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b/s 


c 2 d y, ft 


root chords extension of ving leading edge and trailing edge to fuselage 
center line 


drag coeeficient. 


JL 

qS 


lift coefficient based on total -wing area not including strake area, — 

qS 


lift coefficient based on total ving area including strake area vith 

Ct subtracted from the measured Ct , -^r 
^o ^ qS T 

M 

pitching -moment coefficient, 


drag, lb 

height of moment center above the ground, ft 
lift, lb 

pitching moment about the c/4 station, ft -lb 
free -stream dynamic pressure, Ib/sq ft 
total ving area, 446 sq ft, strakes off, tips on 
total ving area including strake area, tips off 
thrust, lb 
airspeed, knots 

angle of attack of the ving reference line, deg 

trailing-edge-flap deflection, normal to hinge line, deg 

deflection of leading-edge flap on basic ving, normal to hinge line, deg 

deflection of leading -edge flap on strake, normal to hinge line, deg 

strake leading-edge sveep angle, deg 
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7 \ taper ratio, tip ch ord 

C R 

t] ib spanwise station of intersection of the strake leading edge and basic 
wing leading edge, based on semispan, tips off 

Subscripts and Abbreviations 


TE 

trailing edge 


LE 

leading edge 


u 

uncorrected 


0 

conditions at zero 

angle of attack 

L0 

conditions at lift 

off 

a 

flow angularity in wind tunnel 


MODEL AND APPARATUS 


Figure 1 is a photograph of the model with the A = 1*3^ wing and the 77° 
swept strake installed on the ground plane support system. The characteristics 
of the airplane in proximity to the ground were obtained by lowering the model 
toward the wind-tunnel floor. 

The model consisted of a delta-wing fuselage and vertical -tail combina- 
tion^ identical to that of reference 5* with strakes added to form the double 
delta planforms. Details of the basic delta-wing model are shown in fig- 
ure 2(a) and table I, and the dimensions of the four strake configurations are 
given in figure 2(b). As shown on figure 2(a), the wing was equipped with 
leading- and trailing-edge plain flaps. The locations of the hinge lines of 
the flaps are shown on figure 2(c). Unless otherwise noted, the leading-edge 
flap was deflected only on the portion of the leading edge outboard of the 
strakes. The strake leading edge was deflected with the smaller 77° strake 
only. The entire leading edge of all planforms was sharp. The 59° delta wing 
had an NACA 0003-03 section, and the strake had a wedge leading-edge section 
(fig. 2(c)). 

For part of the test, slots were cut through the strakes in an attempt to 
improve the longitudinal stability of the configuration. Details of the slots 
in the smaller and larger 77° strakes are shown in figure 2(d). For the 
smaller strake the slot area was 0.0061 S, and for the larger strake the area 
of slot A was 0.011 S. The areas of slots B and C were one-half and one-fourth 
of the area of slot A, respectively. These slots were closed unless noted 
otherwise. As shown on figure 2(d) a streamwlse notch was also tested at the 
juncture of the basic wing and the strake leading edge. 
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TEST PROCEDURE AND CONDITIONS 


The angle of attack of the model was varied from -2° to +22° at zero side- 
slip. For all the tests the ground plane was installed. Most of the tests 

were made with the model in the highest position (h/cT = 0.66). With the proper 

wall corrections applied to the data these tests are representative of out-of- 

ground-effect conditions. Some of the configurations were tested closer to the 
ground plane of the test section to determine ground effects. A list of the 
configurations investigated is shown in table I. The Reynolds number, based on 
the mean aerodynamic chord of the basic delta wing, was 13 • 7X10 6 , the Mach 
number was 0.10, and the free-stream dynamic pressure was 15 psf. 


DATA REDUCTION AND CORRECTIONS 


Force and moment data were measured with a mechanical scale system. The 
reference area for all force and moment coefficients, unless otherwise noted, 
is that of the basic delta wing (S = 446 ft 2 ). 1 The only exception to this 
procedure is the theoretical and experimental comparisons presented in fig- 
ure 20. Since the aspect ratio is a prime variable in the theory, the experi- 
mental data were not corrected for aspect -ratio effects by the procedure given 
in footnote 1. The reference length for moment coefficient is the mean aero- 
dynamic chord (c - = 19.1 ft), and moments are taken about 0.25c'. The area, 
length, and moment center location are all based on the basic delta wing with 
the tips on. 

The following strut tares and wind-stream angularity corrections have 
been applied to all the data: 

a = “d + a a 

°L = °L U + ( AO l) tare " C D U sin a a 

C D = Cr + (ACjj) tare + Cl sin a a 

°m n + ( AC m) tare 

The strut tares corresponded to force and moment data taken with no model in 
the wind tunnel. 

1 It should be noted that basing the lift coefficient upon S rather than 
S' is equivalent to basing the lift coefficient upon S* and making a first- 
order correction for changes in aspect ratio 

L_ = _L_ Si _L_ A_ 

qS qS’ S- qS r A 1 

since the span does not change and lift is proportional to aspect ratio. This 
procedure allows direct comparison of the data obtained with planforms of 
varying aspect ratio. 
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No •wind-tunnel wall corrections were applied to the data presented as 
being characteristic of conditions in the proximity of the ground. Previous 
experience has shown that data obtained for the model with the ground plane at 
the upper ground height (h/c’ = 0.66) are characteristic of the out-of-ground- 
effect condition (h/c oo), providing the usual wind-tunnel wall corrections 
are applied. The corrections are 

Aa = 1.06 

ACl = 0.0184 Cl 2 


RESULTS AND DISCUSSION 


Table II lists the figures presented in this report. Lift, drag, and 
pitching -moment data are presented in figures 3 through 15- Data for the basic 
wing without strakes are shown in figures 3 and 13* Figures 3j 4, and 5 show 
the effect of tips , which were off unless otherwise noted. ' 


Effect of Strake Sweep and Size on the Lift and 
Pitching -Moment Characteristics 

Lift . - Figure l6 presents a summary of the effects of strake configuration 
on lift. The lift coefficients, which are based on the wing area of the basic 
delta planform, are identical to those based on the actual wing area and then 
corrected by the ratio of the aspect ratios (see Data Reduction and Corrections 
section) • 

It can be seen in figure l6(a) that the addition of strakes caused a 
significant increase in Cl over the basic wing for angles of attack above 
12°, but the increase is smaller at angles of attack below 12°. It can also be 
seen that the lift is increased by the larger strakes (lower aspect ratio) and 
is not affected significantly by the sweep angle of the strake leading edge. 

Deflecting the nose flaps to 30° reduced Cl at 12° angle of attack by 
about 0.07 to 0.12, depending on the planform, as may be seen by comparison of 
figures l6(a) and l6(b) . 

Figure 17 shows the effect of proximity to the ground on lift for the 
configuration with the higher aspect ratio and higher sweep. At a ground 
height of h/c - = 0 * 32 , the increment of Cl due to ground effect is about 
25 percent higher than the lift increment due to the ground of the basic wing. 
This increment of C^ due to ground effect for the strake-on configuration is 
0ol8 at 12° angle of attack. 

Pitching moment . - Figure 18 is a summary of the moment characteristics for 
the strake-on configurations. It is seen that the linearity of the pitching 
moment is adversely affected by increasing strake size (reducing aspect ratio). 
With the nose flaps undeflected the aerodynamic center moved forward from its 
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location at zero lift approximately 3 and 8 percent for the smaller and larger 
strakes, respectively. The use of leading-edge flaps deflected to 30° made the 
pitching -moment curves more linear, hut decreased the static margin from its 
value without nose flaps for Cg from 0.2 to 0.6 (landing and take-off values). 
A possible explanation is that the leading edge of the basic wing outboard of 
the strakes was deflected, with the result that the leading-edge separation was 
suppressed; hence there is less vortex induced lift on the outboard portion of 
the wing, which is generally aft of the moment center. This explanation is 
supported by noting in figure l8 that at Cl = 0.4 the reduction in static 
stability caused by nose flaps is more extensive with the larger strakes (lower 
aspect ratio) , where the nose flaps cover a smaller portion of the total span 
and the centroid of the wing area affected has moved farther aft. Also the 
results shown in figure 10 indicate that when the nose flaps are extended over 
the entire span of the wing, the static stability is not reduced by nose flap 
deflection. 

The slot in the 77° strake, as seen in figure 10, improves the static 
stability an amount approximately equal in magnitude to the improvement due to 
deflecting the full-span leading-edge flaps to 30 . 

The change in trim requirements as the ground is approached is shown in 
figure 19. The data for the basic wing with tips on are compared to the data 
obtained with strakes on. It is seen that the effect of proximity of the 
ground on the change in Cm is 25 to 35 percent less for the model with strakes 
than for the model without strakes. 


Theoretical Comparison of Lift 

A simple theory for predicting lift with vortex flow is presented in 
reference 6. This theory (derived from Newtonian impact theory) arrives at a 
second-order polynomial in a for The quadratic term is obtained by 

computing the crossflow normal force using flat-plate drag. The expression for 

Cl is 

= c£ ct, + 2a 2 (l) 

where the coefficient of the linear term is obtained from reference 7« A 
comparison of the theoretical and experimental lift curves for the basic wing 
and the smaller and larger strakes is presented in figure 20. 

The predicted lift is slightly below the measured values for angles of 
attack above about 8°, except for the basic wing for which the agreement is 
good up to l8° (see fig. 20(c)). The lift curves agree very well at small 
angles of attack; hence, the discrepancy is due to the fact that the nonlinear 
term of equation (l) does not completely account for the vortex lift. Fig- 
ure 20(b) indicates a maximum error of 15 percent between the predicted and 
experimental values of lift. 
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Trim 


CL. and L/D 


The Ol and L/d characteristics for trimmed level flight are presented in 
figures 21 and 22 for an elevon controlled aircraft with an average static 
margin at low lift of 4 percent and a minimum drag coefficient of 0.011. The 
trim characteristics for configurations with the strakes on were derived from 
the data shown in figures 6, 7, 8, 9 > and- 11. The characteristics for the 
basic wing were derived from the data of figure 3* 

The addition of the strakes without leading-edge flaps did not signifi- 
cantly affect (L/D) rt1flV . As shown on figures 21(c) and (d), deflecting the 
partial-span leading-edge flaps to 30° slightly reduced (L/D)max for the 
A = 1.34 configuration and increased (h/D) max for the A = 1.46 configuration. 
(This increase was about 1.0 for the configuration with the higher strake 
sweep.) The effect of the slot without leading-edge flaps was to reduce 
( L / D )max slightly, as shown on figure 22. Also as shown on this figure, at 

5 n = 30 °, the combined effect of opening the slot and deflecting the leading 
edge full span instead of partial span was to increase L/D angles of attack 
above 6°. This configuration (full-span nose-flap deflection and slot open) 
had an almost linear lift versus moment curve (fig. 10) . 


Take-Off Distance 

Take-off distances were computed for aircraft with strakes installed, and 
the results are shown in figure 23. These computations were made for a 
450,000 lb aircraft with a wing loading of 70 psf, which are typical of values 
being considered for supersonic transports. The lift and drag characteristics 
used in the computations were those of figure 21 to which were added a gear 
drag-coefficient increment of 0.012 and the ground-effect increments of Cp 
and Cp indicated by the data of figures 13 through 15* Changes in trim 
requirements due to ground effect were not considered. It is felt that for the 
purpose of comparing the effect of planform on take-off distance the change in 
trim requirement due to ground effect is not important. Additional details 
used in the computation are presented in reference 5 and figure 24. 

The results shown in figure 23 indicate that at T/w =0.4 for 10° and 12° 
angle of attack take-off distance was reduced about 7 percent by the use of 
strakes with nose flaps undeflected. These reductions were not materially 
affected by the strake configuration changes of the present investigation. 


CONCLUDING KEMAHKS 


The use of strakes on a delta-winged configuration was found to increase 
Cp significantly at high angles of attack, but to a lesser extent at angles of 
attack below 12°. However, this increase in Cp was accompanied by a reduc- 
tion of static longitudinal stability at high angles of attack. Deflecting the 
leading-edge flaps on the wing outboard of the strakes improved the linearity 
of the pitching -moment curve. 
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Predictions of the lift coefficient as a function of the angle of attack 
using the theory of Sacks and Burnell (ref. 6) agree reasonably well with the 
measured values. Better agreement was obtained, however, for the basic wing 
than for the wings with strakes. 

The configuration with strakes showed both higher increments of lift and 
lower increments of pitching moment due to ground proximity than the 
configuration without strakes. 


Ames Research Center 

National Aeronautics and Space Administration 
Moffett Field , Calif . , May 27 , 1966 
720-01-00-01 
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TABLE II.- LIST OF FIGURES 


Figure 

Configuration 

5 n s > 

deg 

deg 

Bf. 

deg 

h/c 

00 

Comments 


3(a) 

Basic wing 


0 

0, 10 
0 

Tips off 
Tips on 

Tips on 

- 

3(b) 



30 , 45 

0, 10 


4 

A s = 73°, A = 1.46, 1.34 

0 

0 

0 


Tips on, off 


5(a) 

As = 77°, A - 1.46, 1.34 


0 

0 


Tips on, off 


5(b) 



30 





6(a) 

A s = 77°, A = 1.34 


0 

-5, 0 , 10 




6(b) 



30 





7(a) 

A s = 73°, A = 1.34 


0 

-5, 0 , 10 




7(b) 



30 





8(a) 

As = 77°, A = 1.46 


0 

-5. 0 , 10 



8(b) 



30 





9(a) 

A s = 73°, A = 1.46 


0 

-5. 0 , 10 




9(b) 



30 





10(a) 

As - 77°, A = 1.46 

30 

0, 30 

0 


Slot open, closed and 
full span L.E. flap 

11(a) 

A s - 77°, A = 1.46 

0 

0 

-5. 0 , 10 


Slot open 

11(b) 



30 



Slot open and full span 
L.E. flap 

12(a) 

A s = 77°, A = 1.34 


0 

0 


Slots A, B, C, and L.E. notch 

13 

Basic wing 


0 

0 

Variable 


14(a) 

A s = 77°, A = 1.46 


0 

0 

Variable 


15(a) 

As - 77°, A = 1.34 


0 

0 

Variable 


16 (a) 

As - 77°, 73°, 

A = 1.46, 1.34 


0 

0 

00 

vs. a only 

16 (b) 

L 


30 




17 

A s = 77°. A * 1.46 


0 

0 

Variable 

Cp, vs. h/c 

l8( a) 

A s = 77°, 73°, 

A = 1.46, 1.34 


0 

0 

00 

C L vs. only 

18 (b) 



; 30 




19 

A s - 77°, A = 1.46 


0 

0 

Variable 

Cm vs. h/c 

20(a) 

20(b) 

20(c) 

A = 1,34 
A = 1.46 

Basic wing (A ® 1*69) 


0 

0 

00 

Theory comparison. The 
reference area includes the 
strake area. See table II. 

21(a) 

21(b) 

21(c) 

2 i(a) 

Ag = 73°, A = 1.46, 1.34 
A s = 77°, A = 1.46, 1.34 
A s = 77°, 73°, A = 1.34 
A s = 77°, 73°, A = 1.46 


0 

0, 30 
0 , 30 

0 


^Ltrim = ^A^trim a 

22 

A s = 77°, A = 1.46 

30 

0, 30 



Slot open, full span 
L.E. flap 

23 

A 1 . 34 , 1.46, I .69 

0 

0 , 30 



Take-off distance vs. T/W 

24 






Engine characteristics for 
figure 23 
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Figure !•- The model shown mounted in the Ames 40- by 80-Foot Wind Tunnel 
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Figure 5 *“ The effect of wing tips with the 77 strahes; = 0 , h/c oo. 
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Figure 10.- The effect of opening the slot in 

leading-edge flap; A = 
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Figure 12.- The effect of slots in the larger 77 strahe; A = 1 . 34 , 8 n = 0°, 8f = 0°, h/c 

tips off. ' ' 
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Figure l4.- The effect of ground proximity on the model with the smaller 77° strakes; A = 1.46, 

tips off, 5 n = 0°, Sf = 0°. 




Figure 16 .- The effect of strakes on lift; Sf = 0°, tips off, h/c -*• oo. 
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Figure 17.- The effect of ground proximity on lift; 6 n = 0°, 5f 
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/ \ o 

(a) &n = 0 

Figure l8.- The effect of strakes on pitching moment; Sf = 0°, 

tips off, h/c -* OO . 
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(b) Aspect ratio = 1.46, smaller strake 
Figure 20.- Continued. 
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(c) Aspect ratio = 1.69, basic wing. 
Figure 20.- Concluded. 
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Figure 21.- 








Figure 22.- The effect of full-span leading-edge 
the model with the smaller 77 ° strakes; A = 1. 
elevon controlled. 


’laps and slots on the trimmed characteristics of 
^ static margin = 4 percent, tips off, h/c -*• oo, 
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Figure 24.- The variation of hot -day thrust with airspeed used in 

calculation of the ground roll and take-off distances presented in 
figure 23 ; W = 450,000 lb. 
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